In the mid-afternoon of 15 July 2007, during the Convective and Orographicallyinduced Precipitation Study (COPS), in a very warm and dry environment, an isolated, short-lived, deep convective system developed over the southern Black Forest. Most of the high-resolution, convection-permitting models involved in COPS were unable to capture this event whereas the Meso-NH forecast was quite skilful. To assess the Meso-NH performance further, the model results were carefully checked against the various and numerous COPS observations. In full agreement with clear-air radar observations, model results underlined the triggering role of a low-level convergence line that developed in the lee of the Feldberg. The main departure from the observations was found to be in the low-level moisture fields, which appeared significantly moister in the model than in the observations and also slightly moister than in the other models. Sensitivity studies showed that this departure from the observations was strongly controlled by the initial surface moisture conditions. When the surface moisture was reduced by 20% or replaced by the value derived from a different analysis, the evolution of the planetary boundary layer was more accurately represented while the storm evolution was still correctly captured. These results demonstrate that the quality of the initial forecast cannot be ascribed to the moist bias of the model. It could therefore be hypothesized that the key parameters for a satisfactory forecast of this event lie more in the ability of the model to reproduce the dynamical forcing accurately than in the characteristics of the air-mass instability.
Introduction
At midlatitudes, it is well established that the skill and accuracy of precipitation forecasts are particularly poor during the summer season (Fritsch and Carbone, 2004) . In contrast with the other periods of the year, the warm season exhibits a much higher frequency of convective weather systems, which are not comprehensively resolved by current operational models. Whether the presence of topography improves or degrades the forecast skill is not really clear. On the one hand, the preferential locations for convection are more easily captured by the models because the triggering mechanisms are closely linked to the underlying topography (e.g up-slope lifting, lee-side convergence or lee waves induced by small-scale terrain features: Banta, 1990; Cosma et al., 2002; Kirshbaum et al., 2007) . On the other hand, the presence of orography makes large demands on the numerics and physics of the models, and may degrade the model skill and introduce artificial biases (Zängl, 2002; Schwitalla et al., 2008) .
In recent years, great efforts have been made to tackle the issues related to convective precipitation. Firstly, the field of short-range precipitation forecasting has undergone major development, with the emergence and consolidation of new numerical models solving the full non-hydrostatic set of equations and thus being able, to some extent, to resolve moist convection explicitly. The development of these new models was accompanied by a substantial refinement of most physical parametrizations, especially those devoted to the cloud and precipitation physics. Secondly, a number of field experiments were organized to collect the high-resolution data sets necessary for validation. Each of these experiments had its specific goals and took place over a variety of complex terrains. The Mesoscale Alpine Programme (MAP: Bougeault et al., 2001; Volkert et al., 2007) took place in the Alpine region in the autumn of 1999, with the aim of better understanding the precipitation enhancement over high mountain regions. The International H 2 O Project (IHOP: Weckwerth et al., 2004) was performed in 2002 on relatively flat terrain, mainly focusing on convection initiation. The Convective Storm Initiation Project (CSIP: Browning et al., 2007) also addressed the issue of convection initiation during the summers of 2004 and 2005 over southern England but in a region characterized by a marine environment and very low topography. More recently, the Convective and Orographically-induced Precipitation Study (COPS) took place during summer 2007 over northeastern France and southwestern Germany in a region of moderate orography . In contrast to the previous experiments, the COPS field campaign was accompanied by a huge modelling effort performed in the framework of the MAP-D-PHASE project (Rotach et al., 2009) . More than 30 models of various resolutions (including no fewer than a dozen high-resolution convection-permitting models) were run in real time.
The COPS campaign was fairly successful in many aspects , but very few cases of pure airmass convection were observed. Among these, the case of 15 July stood out as a 'golden day' of the experiment, firstly because convection occurred unexpectedly in a very marginally unstable environment and secondly because most of the D-PHASE models were unable to capture the event.
Only the Meso-NH research model * and the Météo-France AROME model (run in its pre-operational version) provided an accurate forecast of the storm.
The goal of this article is to assess the Meso-NH performance further by comparing the available observations and the different ingredients that led to the convective development, including the atmospheric * http://mesonh.aero.obs-mip.fr/mesonh/cops/.
Black Forest Rhine Valley
Vosges Figure 1 . Early phase of development of the convective line over the Black Forest (RGB image of bands 7, 2, 1 of the MODIS instrument on the AQUA satellite, horizontal resolution 250 m, 1215 UTC). This figure is available in colour online at wileyonlinelibrary.com/journal/qj stability, the moisture supply and the orographic forcing. Then the robustness of the results is investigated from various sensitivity experiments in which initial, surface and boundary conditions are varied.
The article is organized as follows. Section 2 gives a brief overview of the 15 July storm on the basis of satellite and radar observations, while section 3 describes the model and its numerical set-up. In section 4 the results of the control experiment are assessed with respect to the available observations. The sensitivity of these results to different aspects of the initial conditions is tested in section 5. Conclusions are given in section 6.
The Black Forest storm of 15 July 2007
On 15 July 2007, the COPS area was located in the transition zone between an eastern European ridge, stretching from the Mediterranean Sea to Poland, and a high-amplitude eastern Atlantic trough. The associated large-scale forcing was very weak . The different soundings performed in the COPS area exhibited only moderate values of convective available potential energy and relatively high values of convective inhibition (Kalthoff et al., 2009; Barthlott et al., 2010) . Under such conditions, convection triggering was unlikely. However, a line of convective clouds reaching up to a height of 12 km developed over the Black Forest during the mid-afternoon. The first sign of convective development appeared on the satellite images of 1200 UTC, first on the southern part of the Black Forest and then on both northern and southern parts of the massif (see Figure 1 at 1215 UTC). At 1300 UTC the cloud pattern evolved into a line oriented south-north and roughly 80 km long, which started to dissipate after 1500 UTC.
This storm was well observed with several radars of the COPS area including the research polarimetric radar POLDIRAD, set up close to Strasbourg in the Rhine valley. Figure 2 shows a time sequence of Plan Position Indicator (PPI) scans taken every 20 minutes between 1420 and 1520 UTC. These pictures indicate that mostly the southern part of the cloud system was associated with deep convection and significant precipitation. A Range Height Indicator (RHI) scan performed across the storm at 1444 UTC (see Figure 3 ) exhibits high reflectivity values exceeding 60 dBZ and a cloud top reaching 12 km in height. • azimuth. The yellow and blue contours delineate the areas in which the dominant types of hydrometeors are snow and rain, respectively. Graupel and hail are found in the areas marked with stars and crosses, respectively.
Further information on the storm microphysics was obtained using the cloud hydrometeor classification of Höller et al. (1994) . According to this classification, hail is present if the differential reflectivity (ZDR) ranges between +1 and −1 dB and the linear depolarization ratio (LDR) is between −25 and −15 dB. In the area of high reflectivity over 50 dBZ, these conditions were met around a height of 3 km in a small region. However, in the next southerly cross-section (performed at 132 • 20 s later, not shown) a more significant hail area was found, reaching down to 1 km height. An alternative method to identify hail with a polarized radar is based upon the use of the hail differential reflectivity (HDR: Aydin et al., 1986) , a function of the reflectivity and the differential reflectivity only. In the vertical cross-section shown in Figure 3 the HDR reaches values up to 32 dBZ, which is consistent with the results of Höller's method for hail occurrences (Depue et al., 2007) .
Model set-up and experimental design
The numerical simulations were performed with the French non-hydrostatic mesoscale model Meso-NH (Lafore et al., 1998) , jointly developed at Météo-France and at the Centre National de la Recherche Scientifique. The model solves a non-hydrostatic system of equations based upon the Durran (1989) anelastic formulation. A C-grid in the formulation of Arakawa (Mesinger and Arakawa, 1976 ) is used for the spatial discretization and the temporal scheme is an explicit leap-frog scheme with a time filter (Asselin, 1972) . The model prognostic variables are the three-dimensional wind components, the potential temperature, the turbulent kinetic energy and the mixing ratios of water vapour and six classes of hydrometeors. A bulk microphysical scheme (Pinty and Jabouille, 1998; Lascaux et al., 2006) governs the equations of seven water species (vapour, cloud water, rainwater, pristine ice, snow, graupel and hail). The turbulence parametrization is based on a 1.5-order closure (Cuxart et al., 2000) and the surface scheme Interactions between Soil, Biosphere and Atmosphere (ISBA) is described in Noilhan and Planton (1989) .
During the COPS field experiment, Meso-NH was run in real time on three interactively two-way nested domains (Stein et al., 2000) with horizontal mesh sizes of 32, 8 and 2 km. The area corresponding to the coarsest domain (D1) is shown in Figure 4 (a), together with the location of the nested domains (D2 and D3). D1 covers the synoptic conditions above western Europe, D2 corresponds to the MAP-D-PHASE domain and D3 is centred above the COPS area. The topography of the innermost domain is shown in Figure 4 (b). The convection scheme of Kain and Fritsch (1993) adapted to the Meso-NH model by Bechtold et al. (2001) was activated for the coarser grids, while convection was assumed to be explicitly resolved for the 2 km grid. The initial conditions were obtained from the European Center for Medium-range Weather Forecasts (ECMWF) analysis of 15 July at 0000 UTC and the boundary conditions for the outermost domain were interpolated in time from the six-hourly ECMWF forecasts. The control run presented in this study (referred to as ECMCTL) is identical to the run performed in real time except that it was obtained with a more recent version of the model which, in particular, includes a better advection scheme for moisture (the Multidimensional Positive Definite Advection Transport Algorithm (MPDATA) instead of the standard Flux Corrected Transport scheme (FCT)). Compared with the real-time simulation used in Barthlott et al. (2011) , this change may have affected the results, but only in certain details.
Model results
As already mentioned, the Meso-NH forecast of the 15 July storm was quite satisfactory. Figure 5 allows the model results to be assessed in terms of satellite and radar pseudoobservations. The top panels show the time evolution of the 280 K contour of the brightness temperature as measured in the METEOSAT 10.8 µm channel (Figure 5(a) ) and as derived from the model fields ( Figure 5(b) ) following the model-to-satellite approach of Chaboureau et al. (2000) . The evolution of the 280 K contour allows the convective activity to be monitored. Model results are in fairly good agreement with the observations. Convection is triggered around 1300 UTC and only lasts for a couple of hours. The triggering occurs over the southern Black Forest on its northeastern slope (48 • N, 8.35 • E) and the storm propagates towards the northeast. The main departure from the observations is a slightly slower propagation and thus a slightly shorter trajectory of the storm. These results also indicate that the spatial extent of the cloud anvil appears underestimated in the simulation. This could be linked to some deficiency in the microphysical scheme (e.g. a too-active ice-to-snow conversion process as suggested by Chaboureau et al., 2002) . However, this effect might also be artificially amplified due to the parallax error of the satellite observations (Johnson et al., 1994) . Taking into account the cloud-top height and the METEOSAT position with respect to the COPS area, the observations may present a northward displacement error of 10-20 km, which can explain, at least partially, the discrepancy between the observations and the model results.
The bottom panels of Figure 5 focus on the precipitating parts of the convective system. Figure 5 (c) shows the time evolution of the 10 dBZ reflectivity contour measured by the Feldberg radar every 15 min during its 1.5 • elevation scan. At the location of the storm, this corresponds roughly to 3000 m above sea level. The same contour of the simulated reflectivity at 3000 m is represented in Figure 5 (d). The agreement between the observations and the simulation is remarkable. Initiation time, duration and trajectory of storm are quite well captured by the model.
Further assessment of the forecast can be achieved by comparing the vertical structure of the simulated cloud system with the observed one. Figure 6 shows the computed radar reflectivity superimposed with the snow, graupel, hail and rain mixing ratios in a vertical cross-section located along the POLDIRAD line of sight (130 • ). This figure can be directly compared with the observations shown in Figure  3 , except that it is shifted southward by 5 km to intercept the most active part of the model storm. The cloud depth (12 km) and the reflectivity intensity (reaching 59 dBZ) are well-captured. However, the model storm appears wider than the observed one and it is likely that the 2 km grid spacing of the model is insufficient for a more accurate description. Another point of discrepancy between model results and observations is an underestimation of the reflectivity below freezing level, which could result from too fast a melting of graupel and hail particles. As stressed by Phillips et al. (2007) , this process is inaccurately represented in one-moment bulk schemes. According to the model, and consistent with the observations, the anvil composed of snow aggregates spreads towards the northwest whereas, at 3 km height, the precipitation is carried by a mixture of hail particles and raindrops.
Taking into account the small likelihood for convective development on this particular day as well as the great difficulty of accurately predicting isolated storms, the Meso-NH forecast can be considered as very successful. This feeling was corroborated by the fact that, among the various models running for that day in the framework of the MAP-D-PHASE project, only two out of twelve were able to capture the event. Additional studies carried out a posteriori and using various model set-ups have confirmed the difficulty of obtaining a good forecast of the observed storm . In the following, we will concentrate on the model evaluation, looking at the various elements that lead to convective development, and we will try to analyze whether this good forecast was obtained for the right reasons.
Triggering factors
The triggering of convection essentially depends on three parameters: the potential instability of the air mass, the moisture supply in the low levels of the atmosphere and a β-mesoscale vertical ascending motion resulting (in the absence of large-scale forcing) from either orographic lifting and/or diurnal thermal heating of the ground. In the next subsections, we examine how and in what proportions these different factors are present in the simulation and how well they compare with the available observations.
Potential instability
Six soundings with roughly three-hourly ascents are available to assess the stability conditions. Four of them are located in the plain along the Rhine river and three of them in the Black Forest area, but unfortunately 60 km north of the storm development (see Figure 4 (b) for the sounding locations). As stressed in Kalthoff et al. (2009) , the different indexes traditionally used to quantify the atmospheric instability do not show very propitious conditions for convection. The Convective Available Potential Energy (CAPE) barely reaches 1200 J kg −1 , whereas the Convective Inhibition (CIN) remains significant except over the mountains. Figure  7 shows the CAPE and CIN computed from the model fields and superimposed with the values deduced from the soundings after their interpolation on the vertical grid of the model. The computations follow Emanuel (1994) and are performed from each model level. The CAPE and CIN values are selected as the values obtained for the lifting model level leading to the maximum of CAPE (usually, but not systematically, the closest level to the ground). According to the model, at 1100 UTC the CAPE is stronger over Germany than over France. Three hours later, the CAPE has significantly increased over the mountainous areas but remains stronger over the Black Forest, reaching 3000 J kg −1 in two places: one over the western slope of the southern Black Forest (corresponding to the steepest orography of the domain) and a second, less intense but spatially wider, over the area where the convection is triggered. From the model results, high CAPE appears to be a necessary but not sufficient condition to explain the location of the convective development. In comparison with the observation the modelled CIN is underestimated in the morning, but this is no longer the case in the early afternoon except in Burnhaupt. Otherwise, there is no major inconsistency between model results and observations, but unfortunately no soundings are located sufficiently close to the area of interest.
Moisture supply
A real achievement of the COPS experiment is a fairly exhaustive documentation of the water-vapour field, which was sampled by several in situ and remote, ground-based and airborne instruments (Bhawar et al., 2011) . This very dense and unique data set is used below to assess the validity of the model results further. Compared with the wide coverage provided by the airborne lidar observations, the local soundings give only a very partial picture of the spatial distribution, but they are classically used as a reference for moisture measurements. Therefore, model results are first compared with the available soundings. Figure 8 shows the time evolution of the moisture vertical profiles, observed and modelled, between 0600 and 1700 UTC and from Karlsruhe in the north to Burnhaupt in the south. In general, model profiles tend to present a moist bias. This bias is weak in the morning but reaches up to 2 g kg −1 in the mid-afternoon 
X (KM)
Z (KM) Figure 6 . Vertical cross-section of the simulated cloud at 1445 UTC: reflectivity field (grey shading), snow (yellow), graupel (red), hail (green) and rain (blue) mixing ratios (0.5 g kg −1 contour interval). The location of the section corresponds to the one shown in Figure 3 except that it is shifted southward by 5km.
and is particularly large between the heights of 1 and 3 km. For this altitude range, it can be seen that the bias is well marked at 1100 UTC in the south of the domain (BUR) but only at 1700 UTC in the north of the domain (FZK), indicating that it results from too slow an advection of the dry air entering the domain from the northwest. Regarding the boundary-layer behaviour and the first kilometre above ground, the model results seem correct except for HOR, HES and BUR after 1400 UTC, where some significant positive bias can also be noted. For this lower level, the bias is more probably related to some surface and/or boundary-layer parametrization issues.
Several past studies have questioned the accuracy of moisture measurements provided by radiosondes and reported on the necessity of different bias corrections depending on the type of sondes (Agusti-Panareda et al., 2009, and references herein) . Most of the soundings performed on 15 July used Vaisala RS92 sondes, which are considered as very accurate in the low troposphere. It is therefore unlikely that the moist bias of the model could result from a dry bias of the sondes. Furthermore, the model bias is confirmed by using another source of moisture observations. Figure 9 shows the time evolution of the vertical moisture profile simulated above Achern and observed with the Raman lidar system BASIL from the University of Basilicata (Di Girolamo et al., 2009a,b) . Without reproducing the detailed structure of the field, the model depicts the diurnal deepening of the planetary boundary layer reasonably well. However, it is also clear from this other set of observations that the model is too moist by roughly 2 g kg −1 in the 1-3 km height range. A very similar result (not shown; V. Wulfmeyer and A. Behrendt, private communication) was obtained when the comparison was made with the DIAL lidar system of the University of Hohenheim, which was located in Hornisgrinde . A better description of the moisture spatial distribution is obtained by analyzing and combining various airborne moisture observations: in situ measurements performed by the Dornier 28 and airborne lidar measurements provided by the LEANDRE II system (Bruneau et al., 2001 ) on board the Service des Avions Français Instrumentés pour la Recherche en Environnement (SAFIRE) Falcon and from the WAter vapour Lidar Expriment in Space (WALES) system on board the DLR Falcon. The three aircraft flew in the morning (the SAFIRE Falcon between 0630 and 1000 UTC, the DLR Falcon between 0700 and 1000 UTC and the Dornier 28 between 0600 and 0915 UTC). In the afternoon, only the SAFIRE Falcon and the Dornier operated (between 1130 and 1500 and between 1140 and 1500 UTC respectively). Figure  10 shows the time evolution of the horizontal moisture field from the morning to the afternoon and for heights of 2000 and 1000 m. The different observations are superimposed on the model fields and are marked with squares. To focus on the spatial structure, the model bias was removed by subtracting a constant value of 2 g kg −1 from the model fields. In the morning, the model fields are fairly homogeneous except for the lowest level, where the southeastern part of the domain appears comparatively moister. These results are consistent with the observations. In the early afternoon, some more distinct patterns show up. Very dry air is entering the domain from the northwest, first at high level then at low level. The Rhine valley remains drier than the surrounding mountains, above which moisture seems to concentrate. At 2 km height, the Dornier measurements show a very sharp gradient of the moisture field above the northern Black Forest. Model results reproduce all these features well but tend to overamplify the moisture accumulation over the mountain crests. For instance, over the Vosges summits the observations are 1 or 2 g kg −1 moister than over the Rhine Valley, whereas the model predicts a 2-3 g kg −1 moisture excess.
Vertical motion
Considering the weakly unstable conditions, vertical motion had to be significant to trigger convection. Kalthoff et al. (2009) suggest that a synoptically induced mesoscale convergence line, propagating eastwards, was strongly reinforced by the thermally driven circulation that developed along the northern crest of the Black Forest and provided the uplift necessary to overcome the CIN over the Hornisgrinde mountain. More in the south, another convergence line oriented southwest-northeast developed in the lee of the Feldberg as early as 1100 UTC and slowly propagated eastwards. The time evolution of this latter convergence line is examined by Barthlott et al. (2010) using the Doppler velocity field measured by the Feldberg DWD radar.
As can be seen in Figure 11 , these two features are fairly well reproduced by the model. Although there is no evidence of a pre-existing mesoscale convergence line in the northern part of the domain, the model captures the occurrence and the time and space evolution of the two observed convergence lines very well. In the model, vertical motion first occurs over the mountain crests in response to the thermal heating and is then reinforced by leeside convergence effects. More precisely, in the morning the lowlevel flow is more or less channelled in the Rhine valley. In the afternoon, following the synoptic evolution, the flow slowly rotates eastward, impinges the Black Forest, splits around the main peaks and converges in the lee of Hornisgrinde and also more clearly in the lee of the Feldberg, where the first major convective developments take place.
Discussion
In view of the various parameters examined above, the simulation results are very realistic and the model errors are, in general, found to be small. As shown in Barthlott et al. (2011) , a moist bias is present in most of the simulations carried out for this event but the bias obtained with Meso-NH is among the largest. It is therefore important to investigate further which parameters controlled the moisture vertical distribution in the model. Moreover the Meso-NH errors are such that they probably favoured the development of the storm. In particular, the low-level moist bias of the model accompanied by a small low-level cold bias in the temperature (not shown yet) could act to increase the CAPE and reduce the CIN. Another point of uncertainty is the strength of the vertical motion prior to convection. The comparison with the Feldberg radar data clearly proves that the convergence line develops at the right location and evolves correctly with time, but it does not provide true quantitative information on the uplift intensity. At this point, therefore, we cannot exclude the possibility that the forecast is good mainly by chance and thanks to the combination of small but synergistic errors. This is why the case was further investigated by performing various sensitivity tests aimed at assessing the robustness of the results.
Sensitivity experiments

Sensitivity to initial and forcing conditions
First, a twin experiment (referred to as ARPCTL) was carried out in exactly the same conditions except that the initial fields (boundary conditions) were obtained from the Action de Recherche Petite Echelle Grande Echelle (ARPEGE) analysis (forecast) instead of the ECMWF analysis (forecast). Surprisingly, the latter experiment produced even more (and actually too much) convection than the ECMWF-based experiment. Figures 12(a) and 13(a) use the same display as Figure 5 (b) and (d), respectively, and summarize the evolution of the convective activity in terms of brightness temperature and radar reflectivity. The southern Black Forest storm develops at approximately the same location and is well captured. The secondary cell occurring in the northern Black Forest (missed by ECMCTL) is also well captured although slightly overpredicted. However, ARPCTL produces convection in several places where it was not observed (e.g. over the Vosges or in the northeastern section of the domain).
To discriminate between the impact of initial conditions and the impact of boundary conditions, an additional experiment was carried out using ECMWF analyses as initial fields and ARPEGE forecasts as boundary conditions. Not unexpectedly, given the large outer model domain, the results were very similar to the results of the control experiment, which led us to focus on the initial conditions. Careful inspection of the different initial fields revealed several major discrepancies. The ARPEGE analysis was found to be colder (1-3 K in the first 100 m above ground) in general and also significantly moister over the Vosges region (up to 5 g kg −1 in the first 3 km) and, but to a lesser extent, over the northeastern part of the domain (1 g kg −1 within the 1000-2000 m layer). Such differences can probably explain why in ARPCTL convection takes place in the latter regions but not in ECMCTL.
Another major discrepancy between the two sets of analyses concerns the superficial soil moisture contents. In the ISBA surface parametrization, the soil water is distributed into three reservoirs, wg1 representative of the first cm of soil, a root-zone layer wg2, the depth of which depends upon vegetation type, and a base-flow layer wg3. Whereas wg2 and wg3 are pretty much the same in both experiments, wg1 is much higher in the ECMWF-based experiment than in the ARPEGE-based experiment as illustrated in Figure 14 (a) and (b). During the whole COPS period such a difference was not systematic but sometimes occurred, especially on sunny days. In most assimilation systems, the superficial soil moisture is adjusted to minimize the departure from the surface observations (2 m temperature and moisture). When this is done, the soil-moisture variable becomes more a tunable parameter of the surface scheme than a variable representative of a true physical quantity. It would be tempting to compare the two sets of model values with the soil observations, collected during COPS and available at 5, 20 and 50 cm depths. However, it is not straightforward and not even meaningful to transpose the reservoir values into values representative of specific depths. In the absence of further information on the quality of the initial moisture field, we can nevertheless evaluate its influence on our current results by carrying out a new set of experiments, still ECMWF-based but in which the soil moisture of the first reservoir is varied.
Sensitivity to the initial surface moisture conditions
Three additional experiments were performed. In ECMSM1, the ECMWF superficial soil moisture was replaced by the corresponding ARPEGE field, whereas in ECMSM2 and ECMSM3 it was reduced by 20% and 50%, respectively (see Table I for a list of the various experiments). With a reduction of 20%, the field was still moister than the ARPEGE field whereas a 50% reduction made it significantly drier, except over the Vosges and also north of the Swabian Jura (see Figure 14 (c) and (d)). As expected, when the soil moisture is reduced the planetary boundary layer (PBL) evolution is modified. As an example, Figure 15 compares the vertical profiles of the potential temperature and vapour mixing ratios for a few selected soundings (the closest to the storm). Compared with ECMCTL, in all the new experiments except ECMSM3 the cold bias in temperature has almost disappeared and the moisture excess at low levels is significantly reduced. The inspection of all the soundings (not shown) revealed that, in general, ECMSM1 and ECMSM2 gave fairly similar results and also better results than both ECMCTL and ARPCTL. The last experiment, ECMSM3, behaved quite differently. The extremely dry surface conditions propagated in the boundary layer, which was now much deeper, warmer and drier than the observations. The Bowen ratios in the Rhine valley became largely greater than 1 (i.e. values more typical of semi-arid conditions). The results of this experiment are clearly unrealistic. The positive impact of (reasonably) reduced soil moisture can also be assessed from Figure 16 , which, for three vertical west-east cross-sections, compares the model moisture fields of ECMCTL and ECMSM1 with the LEANDRE observations collected during the afternoon flight. The lidar data show the moisture piling up along the eastern slope of the Vosges, and more effectively in the northernmost section. Both simulations reproduce this feature and its north-south gradient, but the results of the sensitivity experiment are now closer to the observations. The results of ECMSM2 are very similar whereas the results of ECMSM3 are far too dry. In the next paragraph, we will examine the extent to which the storm development is affected by the change in surface moisture.
In terms of brightness temperature, ECMSM1 (Figure 12(b) ) and ECMSM2 (Figure 12(c) ) are close to ARPCTL (Figure 12(a) ). Both experiments give reasonable predictions of the northern Black Forest storm but also forecast convection over the Vosges and in the northeast of the domain.
It can be noted that this deficiency is more pronounced in ARPCTL than in ECMSM2, and more in ECMSM2 than in ECMSM1. ECMSM3 (Figure 12(d) ) behaves differently: the northern Black Forest storm still occurs but its extent and duration are underestimated whereas almost no convection is forecast either over the Vosges or in the northeast of the domain. Note also that another area of non-observed convection is now found over the Swabian Jura, but it should be remembered that this is one of the rare locations where the surface moisture was still slightly higher than the ARPEGE value. In terms of reflectivity, the three simulations (Figure 13(b)-(d) ) reproduce the northern Black Forest storm well, though with a different timing. In particular, ECMSM3 exhibits an earlier development.
The life cycle of the storm can be further assessed in Figure 17 , which compares the time evolution of the averaged instantaneous precipitation rate and maximum vertical velocity computed in a box of 40 km × 40 km centred over the triggering region for all the different simulations. ECMCTL and ARPCTL are roughly similar, with an averaged precipitation rate peaking at 5 mm h −1 and maximum vertical velocities exceeding 20 m s −1 , lasting for at least 2.5 h (ARPCTL) or 2 h (ECMCTL). For ECMSM1, the values are in the same range except that the storm has a shorter duration (1 h). For ECMSM2 and ECMSM3, the intensities are reduced by half both in precipitation rate and vertical velocity but it is interesting to note that, despite a similar amplitude in vertical velocity and precipitation intensity, the storm occurs much earlier in ECMSM3 than in ECMSM2. Among the different simulations, the averaged accumulated precipitation within the box area varies from 0.24, 0.18, 0.08, 0.05, to 0.05 mm for ARPCTL, ECMCTL, ECMSM1, ECMSM2 and ECMSM3. It is also important to note that, in all the experiments, the cloud-top height exceeds 12 km of altitude (not shown).
These various experiments reveal non-trivial interplay between the storm development and both the structure and the intensity of the initial moisture field. The comparisons between ECMCTL, ECMSM2 and ECMSM3 (same spatial distribution but different amplitudes of the surface moisture) indicate that the storm intensity and duration are significantly reduced as surface moisture decreases. However, when the surface moisture is modified in both its spatial distribution and its intensity, as it is the case in ECMSM1 with respect to ECMCTL, model results show only a minor reduction of the storm duration in spite of the much drier surface condition imposed in ECMSM1.
Conclusion
The COPS field experiment took place in summer 2007 over northeastern France and southwestern Germany in a region of moderate orography including the Vosges and Black Forest mountains. During the unusually perturbed 2007 summer, the case of 15 July provided one of the rare opportunities to observe and document thermally forced convection. In spite of not very propitious instability conditions, a convective line developed over the southern Black Forest in the early afternoon, evolving into a shortlived, very localized storm. This event was found difficult to capture by most of the various high-resolution convectionpermitting models used in real time during the field campaign but the Meso-NH forecast appeared to be quite skilful. Meso-NH was able to capture the storm development (initiation time and triggering location) as well as its time evolution (duration and propagation direction) quite accurately. To identify better the factors leading to such a good forecast, the Meso-NH model results were further assessed by comparison with the various and numerous observations collected during COPS, the goal being to find out to what extent this good forecast was obtained for good reasons. In the absence of strong upper-level forcing, convection triggering is expected to be controlled by three main factors: the air-mass potential instability, the moisture supply and the vertical motion resulting from orographic lifting and/or thermal forcing. These three factors were successively examined in view of the available observations. The CAPE and CIN parameters used to characterize the level of instability did not show any major inconsistency between model and observations but, unfortunately, none of the available soundings was located very close to where the storm started. In the model, the vertical motion was found to result from the combination of thermal and orographic forcing: the up-slope motion induced by the solar heating was reinforced by a low-level convergence line, which developed in the lee of the southern Black Forest peak. The clear-air observations of the Feldberg Doppler radar fully support this scenario. The assessment of the moisture supply was based upon the soundings but also on various airborne lidar measurements providing unique spatial coverage. With respect to the latter factor, model results were found to be not quite accurate and exhibited significant moist biases in the 1000-3000 m layer and also within the PBL. In altitude, the bias originated from too slow a progression of a dry layer entering the domain from the northwest. It is therefore unlikely that it could have affected the storm forecast. The PBL bias, which was especially strong in the south of the domain, was more problematic. Accompanied by a slight cold bias in temperature, it could have favoured convection development. This is why the case study was analyzed further by carrying out a series of sensitivity experiments.
The sensitivity studies were guided by the results of a twin experiment initialized with ARPEGE analysis instead of ECMWF analysis, which produced even more convective developments but with more accurate behaviour of the PBL. Detailed inspection of the analyses revealed that a major difference lay in the initial superficial soil moisture, globally half as moist in the ARPEGE analysis as in the ECMWF analysis. Therefore, a series of experiments was performed in the aim of assessing the sensitivity of the storm forecast to the initial surface moisture field. In the experiments for which the initial superficial moisture was reduced by first 20% and then 50%, the Black Forest storm still occurred but its intensity was weaker and its duration shorter. A 20% reduction significantly improved the PBL structure by removing the slight cold temperature bias and strongly diminishing the moist bias whereas, with a 50% reduction, the PBL structure became unrealistically warm, dry and high. The best results were obtained for an experiment in which the ECMWF initial soil moisture was substituted by the ARPEGE one. In this experiment, the PBL structure was in fairly good agreement with observations and the Black Forest storm was still well depicted.
These experiments highlighted the role of the initial surface moisture in modulating the development of convection and may partly explain the failure of some other forecasts. However, bearing in mind that all our experiments, including the one with the driest surface initial moisture, produced deep convection, it is more likely that the key parameters for a satisfactory forecast are to be found more in the ability of the model to accurately reproduce the dynamical forcing (especially the convergence line) than in the characteristics of the air-mass stability.
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